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Natural (axionic) inﬂation provides a well-motivated and predictive scheme for the description of the 
early universe. It leads to sizeable primordial tensor modes and thus a high mass scale of the inﬂationary 
potential. Naïvely this seems to be at odds with low (TeV) scale supersymmetry, especially when 
embedded in superstring theory. We show that low scale supersymmetry is compatible with natural 
(high scale) inﬂation. The mechanism requires the presence of two axions that are provided through the 
moduli of string theory.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
The energy scale of inﬂation is directly related to the size of 
tensor modes r in the cosmological microwave background [1]. 
A large value of r (as possibly indicated by recent observations [2,
3]) would lead to a scale of the inﬂationary potential as large as 
the grand uniﬁcation (GUT) scale MGUT ∼ 1016 GeV. While the ex-
perimental situation is not settled yet, such “high scale inﬂation” 
remains a realistic option. This scheme is of interest as the GUT-
scale is not far from the Planck-scale and we might hope to obtain 
viable insight in properties of gravitational interactions. High scale 
inﬂation is challenging as our perturbative expansions based on 
the weak coupling limit might no longer be valid. We thus would 
have to rely on a satisfactory ultraviolet (UV) completion (here as-
sumed to be superstring theory) and the symmetries of the system.
One of the prime candidates for high scale inﬂation is so-called 
natural inﬂation [4] based on an axionic shift symmetry of the 
inﬂaton ﬁeld. However, as any scheme of inﬂation with sizeable 
tensor modes, natural inﬂation leads necessarily to trans-Planckian 
excursions of the inﬂaton ﬁeld (to obtain a suﬃcient number of 
e-folds of inﬂation). This problem can be solved within the frame-
work of monodromical motion of (several) axion ﬁelds [5,6] within 
superstring theory as a UV-completion.
In superstring theory there appears a new mass scale, the 
breakdown scale of supersymmetry, represented by the gravitino 
mass m3/2. The question arises how this scale is related to the 
energy scale of the inﬂationary potential. In the presence of light 
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SCOAP3.scalar ﬁelds (as e.g. the string moduli) the process of inﬂation 
might be disturbed.
Naïvely one might then postulate a supersymmetry breakdown 
scale larger than the scale of inﬂation. Unfortunately this would 
remove the possibility of TeV-scale supersymmetry as a stabilizer 
for the low mass of the Higgs boson. It would also imply that su-
persymmetry does not protect the ﬂatness of the inﬂaton potential 
against radiative corrections.
In this paper we would like to discuss possible alternatives 
to this naïve reasoning and see whether low scale (or unbro-
ken) supersymmetry is compatible with high scale inﬂation. Before 
moving to string theory, we shall start with a discussion of the 
attempts to embed the scenario of natural inﬂation within the 
framework of the supergravity effective action (Section 2). This in-
cludes models of high scale supersymmetry breakdown [7–10] as 
well as supersymmetric models with stabilizer ﬁelds [11]. In Sec-
tion 3 we confront these models with the requirement of string 
theory embedding and the mechanism of moduli stabilization. We 
shall see that a successful implementation of low scale supersym-
metry is diﬃcult with just one axion ﬁeld. Low scale supersymme-
try as well as the solution of the trans-Planckian excursion requires 
a system with several ﬁelds, which are well motivated from string 
theory with its various moduli. Our main result is given in Sec-
tion 4 where we implement the axion alignment mechanism [5]
within a supersymmetric model.1 This explicitly shows the com-
patibility of low scale supersymmetry within the framework of 
high scale inﬂation.
1 Implementations of aligned natural inﬂation in string theory have also been 
discussed in [9,10,12–20]. under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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The axion ϕ is a well-motivated inﬂaton candidate. At the per-
turbative level, the Lagrangian is invariant under the transforma-
tion
ϕ → ϕ + c. (1)
Hence, the axion corresponds to a ﬂat direction in ﬁeld space. At 
the non-perturbative level, the shift symmetry is (typically) broken 
to a discrete remnant and a periodic potential for the axion arises
V = 4
[
1− cos
(
ϕ
f
)]
, (2)
where f denotes the axion decay constant and  is a mass scale 
related to the strength of the instanton effect which breaks the 
shift symmetry. This potential can accommodate inﬂation and, for 
f  1, gives rise to CMB observables r and ns [4] in agreement 
with observation [21].
In supergravity, the axion ϕ is a part of a complex scalar ﬁeld 
ρ = χ + iϕ , where χ denotes the saxion. In order to realize natural 
inﬂation, the Kähler potential K is required to be invariant under 
the shift of the axion (1). The breaking of the shift symmetry is 
induced by a non-perturbative term eaρ in the superpotential W
which leaves the Lagrangian invariant under certain discrete shifts. 
In the following, we wish to distinguish natural inﬂation models 
with high scale supersymmetry breaking and models with a stabi-
lizer ﬁeld which preserve supersymmetry.
2.1. Models with high scale supersymmetry breaking
The supergravity embedding of natural inﬂation requires that 
the scalar potential takes the simple form (2) for the whole trans-
Planckian excursion of the inﬂaton ﬁeld. The shift symmetry in K
protects the inﬂationary potential against large supergravity cor-
rections from the Kähler potential. Still, simple attempts to realize 
natural inﬂation with a single chiral superﬁeld ρ are doomed to 
fail. The global supersymmetry potential |Wρ |2 or the supergrav-
ity term −3|W |2 alone can induce a cosine potential for the axion. 
However, the interference between both terms typically destroys 
this simple picture.
One way to solve this problem is to introduce a large constant 
W0 in the superpotential which works as an order parameter [14]. 
In this case the derivative Wρ is suppressed compared to W . To 
be speciﬁc, let us consider a model deﬁned by
W = W0 + Ae−aρ, (3a)
K = (ρ¯ + ρ)
2
4
. (3b)
Assuming W0  Ae−aρ , we can expand the resulting potential in 
powers of W0
V = W 20 (2χ2 − 3)eχ
2
− W0(3+ 2aχ − 2χ2)2Aeχ2−aχ cos (aϕ) +O(W 00 ). (4)
The saxion is stabilized at χ  1/√2 with a large mass. After 
integrating out χ , (4) agrees with the potential of natural inﬂa-
tion up to a constant shift in the vacuum energy O(−W 20 ). Hence, 
an additional uplifting mechanism to adjust the vacuum energy is 
required. The simplest uplifting sector consists of one chiral super-
ﬁeld ψ and a constant μ with a linear superpotential term
Wup = μ2ψ, (5)
which has to be added to (3a). The chiral superﬁeld breaks su-
persymmetry and its F-term contribution to the potential can be tuned against −3|W |2 in order to obtain a suitable Minkowski 
minimum.
Independent of the details of the uplifting mechanism, cancella-
tion of the vacuum energy after inﬂation requires a gravitino mass 
m3/2 ∼ W0  H , where H denotes the Hubble scale during inﬂa-
tion. Since H ∼ 10−4 in natural inﬂation, supersymmetry must be 
broken at a very high scale. This is in analogy to the case of chaotic 
inﬂation, which can also be realized with a single chiral super-
ﬁeld at the price of introducing a high supersymmetry breaking 
scale [22].
2.2. Models with a supersymmetric ground state
Let us now discuss models with a stabilizer [11,23–25]. We 
start from the superpotential and Kähler potential
W =m2X(e−aρ − λ), (6a)
K = (ρ¯ + ρ)
2
4
+ k(|X |2), (6b)
where X is the stabilizer ﬁeld and ρ contains the axion which is 
again protected by the shift symmetry in the Kähler potential. The 
Kähler potential of the stabilizer k(|X |2) is assumed to decouple X
from inﬂation via a quartic term [25].
The system has a supersymmetric ground state at X = 0, ρ =
− log(λ)/a ≡ ρ0. Setting X to its minimum and ρ = ρ0 + χ + iϕ , 
the scalar potential reads
V = 2m4e(ρ0+χ)2−a(2ρ0+χ) [cosh (aχ) − cos (aϕ)] . (7)
As the minimum preserves supersymmetry, the masses of axion 
and saxion are identical, mϕ = mχ . However, slightly away from 
the minimum, the scalar potential in the direction χ becomes very 
steep due to the exponential factor eK . During inﬂation, χ remains 
very close to the origin and (7) effectively reduces to the well-
known potential of natural inﬂation.
In this model, supersymmetry is restored at the end of inﬂa-
tion. Therefore, an additional sector of particles has to be added to 
account for supersymmetry breaking. A minimal example is com-
prised of a single chiral superﬁeld with the superpotential
Wsusy = μ2ψ + W0, (8)
as in the Polonyi model [26]. Here, the constants μ and W0 are 
unrelated to the scale of inﬂation. In case ψ has a canonical Käh-
ler potential, ψ would get displaced during inﬂation leading to the 
well-known Polonyi problem [27]. However, if the Kähler potential 
of ψ contains an additional quartic term stemming from interac-
tions with heavy ﬁelds, the minima of ψ during and after inﬂation 
(almost) coincide. In this case the Polonyi problem is absent [28,
29].
Hence, in natural inﬂation models with stabilizer, one can ac-
count for supersymmetry breaking by adding a simple hidden sec-
tor without causing cosmological problems. In particular, natural 
inﬂation models with stabilizer are consistent with W0 	 H and 
hence a low supersymmetry breaking scale m3/2 ∼ TeV. This ap-
pears favorable from a naturalness point of view and opens the 
possibility to discover supersymmetry at the Large Hadron Collider.
3. Natural inﬂation in string theory
From the bottom-up perspective, the models discussed in the 
previous section yield a satisfactory supergravity embedding of 
natural inﬂation. However, these schemes crucially rely on the 
presence of the shift symmetry in the Lagrangian which is pre-
served at the perturbative level. The question whether the shift 
symmetry survives quantum gravity effects requires knowledge of 
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candidate.
String theory gives rise to a variety of axions descending from 
higher-dimensional p-form gauge ﬁelds. The string axions enjoy 
continuous shift symmetries which hold to all orders in pertur-
bation theory [30,31]. Instanton effects, which will be discussed 
in Section 3.3, break the shift symmetries down to discrete rem-
nants.2 Hence, string theory contains the ingredients of a success-
ful realization of natural inﬂation in the UV theory. Unfortunately, 
one cannot simply identify the axion introduced in the supergrav-
ity examples of Section 2 with one of the string axions.
3.1. Challenges
An immediate problem is that in the supergravity examples, an 
axion decay constant f  1 is required in order to match the con-
straints on CMB observables. In string theory, this poses a severe 
problem. The arguments of [35,36] indicate that trans-Planckian 
decay constants of string axions do never arise in a controllable 
regime of the theory (see however [37–39]).
Leaving this aside, the discussed supergravity models do not 
address the problem of modulus (saxion) stabilization. Taking sim-
ple quadratic Kähler potentials as in Section 2, the saxion partner 
of the axion is stabilized within a very steep (exponential) poten-
tial. String-derived Kähler potentials of moduli ﬁelds are, however, 
of the form [40]
K = − log(ρ¯ + ρ). (9)
Given that ρ only appears non-perturbatively in the superpoten-
tial, the logarithm implies that the scalar potential vanishes in the 
limit ρ → ∞. The saxion is thus only protected by a potential bar-
rier V of ﬁnite height against destabilization towards run-away. 
With ρ coupling to the vacuum energy through the Kähler po-
tential, the saxion is generically displaced during inﬂation. If the 
inﬂationary vacuum energy exceeds V , the saxion is lifted over 
its potential barrier and never returns to the desired minimum of 
the scalar potential. This problem has been raised in the context of 
dilaton stabilization in the heterotic string [41] as well as Kähler 
moduli stabilization in type IIB [42].
Assuming a logarithmic rather than a quadratic Kähler poten-
tial, the scalar potential changes from (7) into
V = m
4e−a(2ρ0+χ)
ρ0 + χ [cosh (aχ) − cos (aϕ)] . (10)
In Fig. 1 we compare the potentials (7) and (10). For the logarith-
mic Kähler potential, there is only a tiny barrier which protects 
the saxion from destabilization towards χ → ∞. One can easily 
verify that natural inﬂation cannot be realized with the logarith-
mic Kähler potential. The inﬂationary vacuum energy would lift χ
over its potential barrier and the system would never reach the 
desired minimum of the potential. It is thus clear that a successful 
inﬂation model has to address the stabilization of moduli.
In the next sections we wish to show that both problems: the 
trans-Planckian axion decay constant as well as modulus stabi-
lization can be addressed using the axion alignment mechanism 
proposed by Kim, Nilles and Peloso (KNP) [5].
3.2. Aligned natural inﬂation
An effective axion decay constant feff  1 can be gener-
ated if the inﬂaton is a linear combination of two or more ax-
2 Alternatively, ﬂux-induced superpotentials could break the shift symmetry. This 
possibility has been investigated in the context of inﬂation in [32–34].ions [5,43–45]. We start with a potential for two canonically nor-
malized axions ϕ1,2
V = 41
[
1− cos
(
ϕ1
f1
+ ϕ2
g1
)]
+ 42
[
1− cos
(
ϕ1
f2
+ ϕ2
g2
)]
,
(11)
with all fundamental decay constants f i, gi < 1. For simplicity, we 
assume 42  41 such that the linear combination ϕ˜ ∝ ϕ1f2 +
ϕ2
g2
is heavy, while the orthogonal combination ϕ ∝ ϕ1g2 −
ϕ2
f2
remains 
light. For perfect alignment (δ = 0) of the axion decay constants, ϕ
corresponds to a ﬂat direction, where
δ = 1
f1g2
− 1
g1 f2
. (12)
If we introduce a small misalignment δ = 0 the ﬂat direction is 
lifted and we ﬁnd a potential with an effective decay constant feff
V  41
[
1− cos
(
ϕ
feff
)]
, feff =
√
1
f 22
+ 1
g22
δ
. (13)
For small δ this effective decay constant can naturally be trans-
Planckian as required in a successful model of natural inﬂation.
3.3. Origins of axion potentials in string theory
Previous attempts to realize aligned natural inﬂation mainly fo-
cused on type IIB orientifold compactiﬁcations with ﬂuxes, where 
moduli stabilization has been extensively studied. In these con-
structions, the G3 ﬂux induces a superpotential [46]
Wﬂux =
∫
Y
G3 ∧ 
, (14)
where Y labels the complex three dimensional space and 
 is 
the holomorphic 3-form of Y . This superpotential might be suf-
ﬁcient to stabilize all moduli [47] except for the Kähler moduli 
which do not enter Wﬂux. Assuming that this stabilization takes 
place at a high scale, the heavy moduli can be integrated out, re-
sulting in an effectively constant superpotential Wﬂux = W0. Non-
perturbative effects then generate a superpotential for the Kähler 
moduli Tβ [48]
W = Wﬂux + WNP = W0 +
∑
i
Aie
−2πnβi Tβ . (15)
Here Ai is a model-dependent prefactor and the matrix n
β
i de-
pends on the microscopic origin of the non-perturbative effect. The 
latter may stem from gaugino condensates on D5 or D7 branes, Eu-
clidean D1 or D3 brane instantons [49,50]. The axionic components 
of the Kähler moduli obtain periodic potentials which could trigger 
natural inﬂation (see [51] for a comprehensive discussion).
Indeed, models with several Kähler moduli and multiple gaug-
ino condensates have been constructed. In combination with the 
constant ﬂux-induced superpotential and an uplifting sector they 
can lead to the desired potential for aligned natural inﬂation [9,
10,14]. These models are generalizations of the supergravity model 
in Section 2.1. Similar to their supergravity counterpart, they re-
quire a very high supersymmetry breaking scale [9]. The reason 
is that the inﬂationary scale in these schemes is set by W0 (see 
Section 2.1).3
3 Another reason for the large gravitino mass is that the potential barrier which 
protects the saxionic part of the Kähler moduli during inﬂation is intimately related 
to m3/2. Stable minima during inﬂation enforce m3/2  H ∼ 10−4.
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logarithmic case, the saxion χ is only protected by a small barrier from runaway.On the contrary, high scale supersymmetry breaking can be 
avoided if the inﬂationary scale is unrelated to m3/2. As outlined 
in Section 2.2 this can be achieved by the inclusion of one or sev-
eral matter ﬁelds which act as stabilizers. It is well known that 
the prefactor of Euclidean D brane instanton contributions can de-
pend on other moduli as well as chiral matter [52–55]. Instead of 
neglecting this dependence, it can lead to a natural origin of stabi-
lizer ﬁelds in string theory.
The non-perturbative superpotential contribution including 
matter ﬁelds φi can schematically be written as [56]
WNP =
∏
i
φie
−S inst(Tβ ), (16)
where S inst denotes the instanton action. The inclusion of matter 
ﬁelds in these constructions is highly non-trivial. For this reason 
we shall for the moment turn to the simpler toroidal compacti-
ﬁcations, where effects are better understood and explicit calcu-
lations exist. To deal with concrete numbers we will concentrate 
on world-sheet instantons as origin of the non-perturbative super-
potential. As an example, we consider the case of magnetized D9 
branes for a factorizable toroidal compactiﬁcation T6 =⊗3β=1T2β . 
Couplings between three chiral matter ﬁelds can be induced by 
world-sheet instantons, which in type IIB compactiﬁcations depend 
on the complex structure moduli Uβ . They are given as [50]
WNP = φ1φ2φ3Ae−πκβUβ ,
κβ =
(
iβ
Iβab
+ j
β
Iβbc
+ k
β
Iβca
)2
|Iβab Iβbc Iβca|. (17)
Here we have already approximated the ϑ-function by its leading 
order.4 The parameters κβ depend on the intersection numbers 
Iβab , I
β
bc , I
β
ca and intersection points i
β , jβ , kβ and are in general 
fractional numbers. The intersection numbers are given by discrete 
ﬂux numbers Iβab = pβa qβb − pβb qβa . These numbers can differ for each 
subtorus contribution resulting in a different exponential depen-
dence on the three moduli Uβ . The prefactor A is independent of 
the moduli Uβ .
In this setup, one or several matter ﬁelds could play the role 
of the stabilizer, while the inﬂaton is identiﬁed with a linear com-
bination of the axionic parts of the Uβ . A near alignment of ax-
ion decay constants as required in the KNP mechanism can result 
by the choice of suitable intersection numbers. While we consid-
ered toroidal compactiﬁcations as a concrete example we expect 
similar contributions in compactiﬁcations on more sophisticated 
backgrounds. Analogous ideas may also be employed in the het-
erotic string, where world-sheet instantons can induce similar non-
perturbative terms including matter ﬁelds (see e.g. [58]).
4 Recently it was outlined that ϑ-functions may lead to interesting signatures if 
they serve as potentials for inﬂation [57].In order to avoid high scale supersymmetry breaking we further 
have to avoid large W0. This can be achieved if the ﬂux contri-
bution to W0 is absent or tuned to be small [48]. Alternatively, 
a large ﬂux contribution can be canceled by moduli contributions 
to W0 [42,59].
4. Aligned natural inﬂation in a string-inspired model
In the following, we will implement the KNP alignment mech-
anism in a concrete string-inspired model with instantons.
4.1. The model
The scheme, we wish to advertise, bears resemblance with the 
natural inﬂation model with stabilizer discussed in Section 2.2. 
However, the inﬂaton will be identiﬁed with a linear combination 
of two axions allowing for an effective trans-Planckian axion decay 
constant. We consider the superpotential and Kähler potential
W =
2∑
i=1
m2i Xi(e
−aiρ1−biρ2 − λi), (18a)
K = −
2∑
i=1
log(ρ¯i + ρi) + k(|Xi |2), (18b)
which contains the matter ﬁelds X1,2 as well as the moduli ρ1,2. 
The non-perturbative terms in the superpotential above can result 
from world-sheet instantons or D brane instantons as outlined in 
Section 3.3. The m1,2 and λ1,2 are in general functions of further 
chiral matter ﬁelds and moduli which we assume to be stabilized 
with non-trivial vacuum expectation values. Taking the stabiliza-
tion scale to be suﬃciently high, we can treat them as effective 
constants.5 The Kähler potentials of X1,2 may carry moduli de-
pendences which, however, do not play a role for the following 
discussion.
One easily veriﬁes that this model has a supersymmetric 
ground state at X1,2 = 0 and
ρ1 = b2 logλ1 − b1 logλ2
a2b1 − a1b2 ≡ ρ1,0,
ρ2 = a2 logλ1 − a1 logλ2
b2a1 − b1a2 ≡ ρ2,0. (19)
Similar as in [60], moduli are stabilized by the F-terms of mat-
ter ﬁelds and hence their mass is unrelated to the gravitino mass. 
In order to simplify the analytic discussion, let us assume that 
λ2m22  λ1m21. In this case one linear combination of moduli 
5 We assume that m1,2 and λ1,2 are real as phases can be absorbed by appropri-
ate ﬁeld redeﬁnitions.
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60 e-folds) is indicated by the gray line. Observe that we have stretched the scale of 
χ compared to ϕ . The valley is in fact much narrower than it appears in the ﬁgure.
a2ρ1 + b2ρ2 is heavy, while the orthogonal linear combination re-
mains light. We redeﬁne
ρ1 = ρ1,0 + b2ρ + a2ρ˜, ρ2 = ρ2,0 − a2ρ + b2ρ˜, (20)
where ρ˜ and ρ correspond to the heavy and light linear combi-
nation of moduli (up to a normalization factor and a shift by the 
vacuum expectation values). Now we set the heavy ﬁelds X1,2 and 
ρ˜ to their minima and decompose ρ = χ + iϕ into saxion χ and 
axion ϕ . The potential becomes
V = λ
2
1m
4
1e
−δχ [cosh(δχ) − cos(δϕ)]
2(ρ1,0 + b2χ)(ρ2,0 − a2χ) , (21)
where we introduced
δ = a1b2 − a2b1. (22)
This potential resembles (10) with two major differences: ﬁrst, 
a trans-Planckian axion decay constant can arise in the case of near 
alignment a1b2 ∼ a2b1, where δ is suppressed. Secondly, the poten-
tial now has two poles at χ = −ρ1,0/b2 and χ = ρ2,0/a2 between which the saxion is trapped. These poles result from ρ being a lin-
ear combination of two moduli. They correspond to the poles at 
ρ1,2 = 0 in terms of the original ﬁelds. We note that the effective 
description (21) breaks down above the stabilization scale of the 
heavy linear combination ρ˜ . But as long as mρ˜ > H is fulﬁlled, (21)
is a valid approximation.
In Fig. 2, we depict the potential along the light axion and sax-
ion directions for the parameter choice of Table 1. At the origin 
of ﬁeld space, both ﬁelds are mass-degenerate due to unbroken 
supersymmetry. However, slightly away from the minimum, the 
saxion potential becomes very steep. The inﬂaton is identiﬁed with 
the axion which resides in a periodic potential. Along the inﬂa-
tionary trajectory, which is also indicated in Fig. 2, the potential 
reduces to
V  4 [1− cos(δϕ)] , 4 = λ
2
1m
4
1e
−δχ
2(ρ1,0 + b2χ)(ρ2,0 − a2χ) .
(23)
During inﬂation χ remains ﬁxed at the minimum of the func-
tion 4 and receives a large Hubble mass term. Hence, we can 
treat χ as a constant. Only at the end of inﬂation the ﬁeld returns 
to its minimum at χ = 0. We have solved the full system of ﬁeld 
equations taking into account the kinetic coupling between axion 
and saxion. This can be seen in Fig. 3, where we depict χ and ϕ
as a function of time.
We have to take into account that the axion is not yet canoni-
cally normalized. The axion kinetic term reads Lkin = Gϕϕ∂μϕ∂μϕ . 
The prefactor Gϕϕ is related to the Kähler metrics of the moduli
Gϕϕ = b22Kρ1ρ¯1 − a22Kρ2ρ¯2 =
b22
4(ρ1,0 + b2χ)2 +
a22
4(ρ2,0 − a2χ)2 .
(24)
The effective axion decay constant including the normalization of 
the kinetic term reads
feff =
√
2Gϕϕ
δ
 1
δ
√√√√ b22
2ρ21,0
+ a
2
2
2ρ22,0
, (25)Table 1
Exemplary parameter choice which leads to a successful realization of aligned natural inﬂation.
a1 b1 a2 b2 m1 m2 λ1 λ2 ρ1,0 ρ2,0 δ feff
7π
6
8π
7
6π
7
7π
8 0.45 0.55 2.6 · 10−4 2.0 · 10−3 1.1 1.2 0.41 5.9
Fig. 3. Axion (left) and saxion (right) displacement as a function of time. Also shown is the corresponding number of e-folds. During inﬂation, the saxion is frozen at a 
non-vanishing ﬁeld value by a large Hubble mass term.
20 R. Kappl et al. / Physics Letters B 746 (2015) 15–21Fig. 4. Combined Planck, BICEP2/Keck Array, BAO constraints on the spectral index and the tensor-to-scalar ratio [21]. Predictions of natural inﬂation with and without 
including ﬂattening effects (see text) are also shown. The upper and lower ends of the bands refer to 50 and 60 e-folds respectively.where the second equality holds if the saxion shift is negligible. In 
the example of Table 1 this approximation is valid and we obtain 
feff = 5.9. The corresponding CMB observables for 60 e-folds of 
inﬂation are given as ns = 0.959 and r = 0.050.
4.2. Comparison with observation
The model we presented realizes natural inﬂation. The corre-
sponding predictions for the CMB observables ns and r are de-
picted in Fig. 4. Also shown are the most recent Planck constraints 
cross-correlated with BICEP2/Keck Array and baryon acoustic oscil-
lation (BAO) data [21]. If we take the 95% conﬁdence level contour 
as a reference, an (effective) axion decay constant
feff = 5.8− 10.9 (26)
is required to match observations.
Let us now brieﬂy discuss corrections to the inﬂaton potential 
which could affect the CMB observables. String compactiﬁcations 
generically result in a plethora of scalar ﬁelds including moduli as 
well as chiral matter ﬁelds which could potentially affect the in-
ﬂationary potential (see [61,62]). To be speciﬁc let us add to (18)
a heavy modulus σ with a Kähler potential K = − log(σ¯ +σ) with-
out direct couplings to the inﬂaton sector. Assuming the modulus 
to be stabilized supersymmetrically with a mass M > H , the heavy 
modulus induces a correction [63]
V = V0
(
1− V0
M2
)
(27)
to the inﬂaton potential at leading order in V0/M2. Here V0 de-
notes the inﬂaton potential without the heavy modulus. If several 
heavy moduli or matter ﬁelds induce corrections, their contribu-
tions can be added leading to a smaller effective M in (27). The 
above described effect leads to a ﬂattening of the inﬂaton poten-
tial and hence reduces the amplitude in gravitational waves. In 
Fig. 4 we also depict the (ns , r)-band for natural inﬂation includ-
ing the ﬂattening effect. We chose M2 = V ∗0/5, where V ∗0 denotes 
the value of V0 at horizon crossing of the scales relevant for the 
CMB observables. As can be seen, the ﬂattening effect improves the 
agreement with the Planck data.
So far we have concentrated on the correction from heavy 
scalars without direct couplings to the inﬂaton. However, we also 
expect corrections from further non-perturbative contributions in-
volving the moduli ρ1,2 of the inﬂation sector. These result from 
expanding the ϑ-function to higher orders or from additional string instanton couplings in the superpotential. Such terms could 
induce modulations to the inﬂaton potential very similar as in ax-
ion monodromy [6] which affect the CMB observables and lead 
to distinctive features in the CMB [64]. We leave a more detailed 
analysis of this possibility for future work.
5. Conclusions
In the present paper we have shown that low scale supersym-
metry is compatible with high scale inﬂation in the framework of 
superstring theory. Apart from the inﬂaton multiplet, the mech-
anism requires the presence of one additional modulus. This ad-
ditional ﬁeld solves two problems simultaneously: ﬁrst it provides 
an effective trans-Planckian axion decay constant via the alignment 
mechanism of KNP and secondly it leads to an inﬂationary poten-
tial with a “trapped saxion” (see Fig. 2). In Section 4 we discussed 
a speciﬁc string-inspired model of aligned natural inﬂation. This 
model possesses a supersymmetric ground state where moduli are 
stabilized through F-terms of matter ﬁelds. Non-perturbative con-
tributions to the potential originate from world-sheet instantons 
on wrapped brane conﬁgurations. A choice of suitable intersection 
numbers allows a satisfactory alignment and an effective trans-
Planckian decay constant of the lightest axion. This leads to natural 
inﬂation with a single effective axion. Predictions for the spectral 
index (ns) versus tensor-to-scalar ratio (r) are shown in Fig. 4. Ex-
periments in the coming years should be able to conﬁrm or falsify 
the scheme.
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